ABSTRACT: The molecular structure of a surfactant molecule is known to have a great effect on the interfacial properties. We employ molecular dynamics simulations for a detailed atomistic study of monolayers of the nonionic and anionic form of the most common congener of monorhamnolipids, α-rhamnopyranosyl-β-hydroxydecanoyl-β-hydroxydecanoate ((R,R)-Rha−C10-C10), at the air−water and oil−water interfaces. An atomistic-level understanding of monolayer aggregation is necessary to explain a recent experimental observation indicating that nonionic and anionic Rha−C10-C10 show surprisingly different surface area per molecule at the critical micelle concentration. Surface-pressure analysis, interface formation energy calculations, and mass density profiles of the monolayers at the air−water interface show similar properties between nonionic and anionic Rha−C10-C10 aggregation. It is found that there is a significant difference in the headgroup conformations of Rha−C10-C10 in the nonionic and anionic monolayers. Hydrogen bonding interactions between the Rha−C10-C10 molecules in the monolayers is also significantly different between nonionic and anionic forms. Representative snapshots of the simulated system at different surface concentrations show the segregation of molecular aggregates from the interface into the bulk water in the anionic Rha−C10-C10 monolayer at higher concentrations, whereas in the nonionic Rha−C10-C10 monolayer, the molecules are still located at the interface. The present work provides insight into the different aggregation properties of nonionic and anionic Rha−C10-C10 at the air−water interface. Further analyses were carried out to understand the aggregation behavior of nonionic and anionic Rha− C10-C10 at the oil−water interface. It is observed that the presence of oil molecules does not significantly influence the aggregation properties of Rha−C10-C10 as compared to those of the air−water interface.
■ INTRODUCTION
Surfactants are amphiphilic molecules that have the ability to lower the surface tension between two phases by accumulating at their interface. They are components of products that we use daily with uses ranging from cleaning, food-processing, enhanced oil recovery, and pharmaceuticals. A majority of the surfactants in today's market are derived from petro-chemical sources. 1 These compounds are often toxic to the environment, as they are only partially or slowly biodegradable. Their use may lead to significant ecological problems, particularly in cleaning applications, as these surfactants inevitably end up in the environment after use. 2, 3 Ecotoxicity, bioaccumulation, and biodegradability are therefore issues of increasing concern that have led to a resurgence of industrial interest in biosurfactants, also known as surface-active agents of biological origin, due to their unique environmentally friendly properties and availability from renewable resources.
Among various categories of biosurfactants, the glycolipid biosurfactants "rhamnolipids" stand apart. 4 Rhamnolipid 5 is composed of a β-hydroxyalkanoyl-β-hydroxyalkanoic acid connected by the carboxyl end to a rhamnose sugar molecule. In the past three decades, there has been a large body of research work produced related to rhamnolipids supporting many applications. 6−9 Despite this extensive experimental research and literature available on rhamnolipids, the amount of theoretical study on rhamnolipids is limited. The need for computational studies on rhamnolipids is high for the following reasons: they are not a simple surfactant with a hydrophilic (head) and hydrophobic (tail) group; the headgroup is spread across the molecule; and they possess two alkyl chains, making their physical and chemical properties far more complex than simple surfactants, such as sodium dodecyl sulfate (SDS).
Our group has studied the aggregation properties of the most common monorhamnolipid congener, α-rhamnopyranosyl-β-hydroxydecanoyl-β-hydroxydecanoate ((R,R)-Rha−C10-C10), under conditions in which it exists in the nonionic and anionic form using molecular dynamics (MD) simulations. 10, 11 Several interesting results were reported on the structure and stability of the aggregates in bulk water. The most important observation is that anionic Rha−C10-C10 prefers to form micellar aggregates in addition to large lamellar vesicles, and nonionic Rha−C10-C10 prefers lamellar vesicles over small micellar aggregates. It was shown that the hydrogen bonding interaction between the monomers in the aggregates is largely responsible for the observation of micellar aggregates in anionic Rha−C10-C10. The lack of the hydrogen bonding interaction between the monomers in small micellar aggregates directs the formation of larger lamellar vesicles where the stability is achieved in the form of a strong hydrophobic interaction due to the bilayer arrangement of the alkyl chains. It should be noted that these findings are fully complemented by the experimental observations. 10 It is well-known that the aggregation of surfactants at the interface is crucial to many technological applications. 12, 13 The critical micelle concentration (CMC) is an important characteristic of a surfactant, and aggregation of a surfactant at the interface is vital in determining the CMC of a surfactant. The interface must be fully saturated before the surfactant can enter the bulk water to form micellar aggregates. Recent experimental observations have shown that the aggregation properties of nonionic and anionic Rha−C10-C10 at the air−water interface are completely different. 14 The surface area per surfactant at the CMC is ∼117 ± 12 Å 2 for the anionic (R,R)-Rha−C10-C10, and it is ∼21 ± 4 Å 2 for the nonionic form. It should be mentioned that the surface area per surfactant for native anionic monorhamnolipid mixtures available from the literature are 66 (pH 7), 15 77 (pH 9), 15 and 86 Å 2 (pH 8). 10 Our earlier publications describing the difference in behavior of nonionic and anionic Rha−C10-C10 aggregates in bulk water motivated us to study the observed difference in aggregation at the air− water interface. 11 In the present study, we have addressed the aggregation of anionic and nonionic Rha−C10-C10 at the air− water interface with major focus on the structure and stability of aggregation. Further calculations were also performed to understand the aggregation of Rha−C10-C10 at the oil−water interface. Additional simulations were carried out to study the structural properties of a bilayer in bulk water.
■ SIMULATION METHODS
Simulation of Rha−C10-C10 at the Air−Water and Oil−Water Interfaces. MD simulations were employed to gain insight into the structural properties of Rha−C10-C10 molecules at the air−water interface and oil−water interface. In the present article, we have studied systems composed of 25− 70 molecules of the most common congener in the native Rha−C10-C10 mixture in its nonionic and anionic forms (Scheme 1). Details of the force field parameters for the Rha− C10-C10 are available in our earlier publications. 10, 11 Parameters for Rha−C10-C10 were obtained from the CHARMM (chemistry at Harvard macromolecular mechanics) General Force Field (version 2b8) 16 and optimized according to the CHARMM force field 17 parametrization procedure to better reproduce the properties of Rha−C10-C10 at a high level of ab initio calculation. Comparing the available experimental results validated the force field parameters obtained in this method. It is evident from our earlier work that anionic Rha− C10-C10 in bulk water forms micelles where the most probable aggregation number is ∼36, which matches well with our calculations of ∼40. The radii of the aggregates are also comparable to the experimental results. The Journal of Physical Chemistry B
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An initial starting structure for the air−water/oil−water interface was needed. The initial coordinates of the simulation were obtained with the help of PACKMOL software. 18 A monolayer of the surfactant was prepared by randomly placing Rha−C10-C10 molecules inside a box such that one end of the box hosted the hydrophilic part, while the other end had hydrophobic alkyl chains. It should be noted that the anionic Rha−C10-C10 monolayer was neutralized with the addition of an equal number of sodium counterions (Na + ). The x-and ydimensions of the box are provided in the Table 1 , and the zaxis of the box is close to the size of Rha−C10-C10, as shown in Scheme 2a.
For air−water/oil−water interface calculations, two monolayers were created and were placed above and below a preequilibrated TIP3P water box. The hydrophobic ends of the monolayers were filled with decane for the oil−water interface, and it was empty for the air−water interface, as shown in Scheme 2b. It should be noted that the x-and y-dimensions of the monolayer, water box, and vacuum/oil were all equal. The length of the z-axis of the water box separating the two surfactant monolayers was chosen as 150 Å in the present study. Starting structures for the bilayer simulations were prepared by placing one monolayer on top of the other, such that the hydrophobic ends face each other, as shown in Scheme 2c. The prepared bilayer structure was then solvated with water molecules for further simulations.
Starting with the initial configuration prepared, MD simulations were conducted with periodic boundary conditions using NAMD 2.9. 19 A direct cutoff for nonbonded interactions of 1 nm, a switch function starting at 0.8 nm for cutoff of van der Waals interactions, and particle mesh Ewald 20 for longrange electrostatics were applied. The SHAKE algorithm 21 was used to constrain all bonds involving hydrogen atoms, and a time step of 1 fs was used for the MD integration. The temperature and pressure were controlled, respectively, by the Langevin thermostat and the Nose−Hoover Langevin barostat, 22, 23 as implemented in NAMD. The system was first energy minimized, then heated to 300 K, and finally equilibrated under constant 1 atm pressure and temperature. It should be mentioned that the constant pressure was applied in a direction perpendicular to the interface. During minimization, heating, and equilibration, no constraints were applied. A production run was performed on the fully equilibrated system to analyze the structural properties of the Rha−C10-C10 molecules at the air−water interface. Figure 1 shows the initial structure and the equilibrated structure after 37 ns of simulation for nonionic Rha−C10-C10 at the air− water interface.
■ RESULTS AND DISCUSSION
In the present study, two different sets of system were considered for simulation to better understand the aggregation of Rha−C10-C10 at the air−water interface. The first set is composed of systems where the surface area of the box (XY) is kept constant, and the number of monomers at the interface is Table 1 presents the details of the first set of systems. The second set is composed of various systems where the XY dimensions of the simulation box are varied, while keeping the number of monomers a constant 50 at the interface. Table 2 presents the details of the second set of systems considered for the study. The aim of having two sets of systems is to have a clear understanding of the aggregation of nonionic and anionic Rha−C10-C10 at the air−water interface.
Monolayer Separation Distance. Figure 1 presents a representative initial and simulated air−water interface system used in this study. The simulation of the surfactant at the air− water interface is carried out by placing two monolayers separated by a water box. It is important that the monolayers are sufficiently far from each other and the water box separating them should be long enough (z-axis). The length of the z-axis was tested by MD simulations with lengths ranging from 80 to160 Å, with an increment of 10 Å. The interface formation energy (IFE) of Rha−C10-C10 in the simulated systems were 
where E total denotes the energy of the whole system, E surfactant,single denotes the energy of a single surfactant molecule calculated from a separate MD simulation in a vacuum at the same temperature, and E air−water denotes the bare air−water system obtained from a separate MD simulation of the water box with the same number of water molecules used in the total system at the same temperature. The results of IFE as a function of the water box length along the z-axis are presented in Figure 2 . The figure shows that the IFE values oscillate within a 2 kcal/mol range. In the present study, we choose 150 Å as the z-axis length of the water box separating the monolayers. It is shown later in the discussion that the density of water equidistant from the monolayers compares well with the density of the bulk water. Therefore, all of the air−water and oil−water interface simulations in the present study are carried out using a water box with a z-axis length of 150 Å.
Surface Concentration. The most probable surface concentration is an important quantity that provides information about the surface area occupied by a surfactant at the interface when in equilibrium. One of methods available in the literature to predict the most probable surface concentration is to evaluate the IFE. Figure 3 presents the IFE as a function of surface area occupied by a surfactant for nonionic and anionic Rha−C10-C10 obtained from air−water MD simulations. It is evident from the figure that the most probable surface concentration occurs when the surface area per molecule (SAPM) is at 80 Å 2 in both the nonionic and anionic forms. It is surprising to see that there is no difference in SAPM at the most likely surface concentration, despite the fact that one of them is charged and other is neutral.
Surface Pressure−Area Isotherm. The predicted surface pressure−area isotherms for nonionic and anionic Rha−C10-C10 are depicted in Figure 4 . The procedure to obtain surface pressure can be found elsewhere and references therein. 24, 26 The surface pressure of a monolayer is a more convenient quantity for direct comparison between simulations and The Journal of Physical Chemistry B Article experimental data. First, it is clearly observed that the surface pressure decreases with increasing area/molecule. At low surface concentration, the monolayer is in a gas-like phase, and the surface pressure approaches zero. As we increase the concentration of the surfactant, the molecules begin to interact with each other due to the decreasing area per monomer. At a certain surface concentration, the surface pressure increases as the monolayer becomes more populated. The results also indicate that anionic and nonionic Rha−C10-C10 at the air− water interface have a similar pressure−area isotherm. It should be mentioned that the experiments performed on Rha−C18-C18 at the air−water interface show similar behaviors. 27 Similar to the IFE analysis, the present pressure−area isotherm does not provide any distinguishing information to understand the observed experimental differences seen in nonionic and anionic Rha−C10-C10 aggregation at the air−water interface.
Structure of the Monolayers. We analyzed the structure of monolayer to detect any difference between the anionic and nonionic Rha−C10-C10. Representative snapshots of the configurations for nonionic and anionic Rha−C10-C10 monolayers at various surface concentrations are given in Figure 5 . At low surface concentrations, the Rha−C10-C10 are dispersed across the interface, and the alkyl chains are randomly oriented. There is little aggregation and no obvious formation of surfactant domains at the interface. As the surface coverage is increased, the surfactant alkyl chains interact with each other and are vertically oriented to some extent. At complete surface coverage SAPM = 80 Å 2 , the monolayer is nearly flat, and the surfactant molecules are evenly distributed at the interface. It is possible to see the hydrophobic tails interacting more and hydrophilic headgroups interacting with water molecules. It should be noted that there is no structural difference in the monolayer aggregation between anionic and nonionic Rha− C10-C10 at complete surface coverage concentration.
As the surface coverage is increased further, the monolayers start to exhibit undulations. The extent of monolayer undulations is greater in anionic than nonionic Rha−C10-C10. It is interesting to see that at SAPM = 52 Å 2 , the monolayer undulation is leading to a near formation of the micellar aggregate for anionic Rha−C10-C10. Therefore, it is evident from the structure of monolayers that anionic and nonionic Rha−C10-C10 aggregation is similar at the complete surface coverage concentration, but they differ at higher surface concentrations. Insights into those properties are provided below.
Density Profiles of Monolayers at Complete Surface Coverage Concentration. To gain further insight into different aggregation properties of nonionic and anionic The Journal of Physical Chemistry B Article Rha−C10-C10 at the air−water interface, we analyzed the density profiles of the surfactant monolayers over the last 5 ns of the simulations. Mass density analysis of the anionic and nonionic Rha−C10-C10 monolayers were obtained using VMD, as described in the literature.
28 Figure 6 shows the mass density profiles of the air−water interface system along the z-axis direction of the simulation box. It should be mentioned that the density of bulk water, 0.6 g/mol/Å 3 (997 kg/m 3 ), is in good agreement with the experimental water density, 998 kg/m 3 . This indicates that our systems are, indeed, large enough to allow the water to reach its bulk properties, and the two resulting interfaces are independent and do not interfere with each other. Figure 6a ,b shows little difference between the monolayers of nonionic and anionic monolayers.
A closer look at the monolayer is provided in Figure 6c ,d. Once again, we see that there is no significant difference in the position of the mass densities of most of the groups of Rha− C10-C10. The notable differences are found in the distribution of the carboxylic group and rhamnose group of the Rha−C10-C10 in the monolayer. The rhamnose group appears to be slightly better hydrated in the nonionic monolayer than in the anionic. This could be due to the availability of the carboxylic group to form hydrogen bonds with the rhamnose group in nonionic Rha−C10-C10. This hydrogen bonding interaction makes the rhamnose groups place themselves closer to the carboxylic group and be more strongly hydrated. The carboxylic group density distribution is wider in nonionic, whereas it is moderately sharp in the anionic monolayer. In the case of anionic monolayer, the concentration of sodium counterions (Na + ) near the interface attracts the more carboxylic group toward it due to the strong Na + ···O − interaction. The counterions also attract more water molecules, causing the density of the water to increase slightly near the interface. Therefore, the mass density of the monolayers of the nonionic and anionic Rha−C10-C10 shows differences in the position of the carboxylic group and rhamnose group. It is likely that the headgroup conformations of the Rha−C10-C10 at the interface could be a reason for the different mass density profiles.
Headgroup Conformation. It is well-known that Rha− C10-C10 is structurally different from conventional surfactants. Conventional surfactants have a polar headgroup well separated from the nonpolar tail group. The situation is entirely different in Rha−C10-C10, as there are no well-defined regions for hydrophilic and hydrophobic groups. Hydrophilic regions, such as the carboxylic group, the rhamnose group, and an ester linkage, are spread across the molecule with two alkyl chains positioned in between them. It is worth analyzing the conformation of these molecules at the air−water interface to understand their aggregation properties. It should be noted that the density profiles of monolayers at the complete surface coverage concentration showed that the position of carboxylic groups and rhamnose groups are different in nonionic and anionic Rha−C10-C10. In this study, we have used the same method that was employed in our previous work to analyze the headgroup conformations of Rha−C10-C10 at the air−water interface. 11 Figure 7 presents the headgroup conformations of Rha− C10-C10 at the air−water interface for complete surface coverage concentrations (left) and higher concentrations (right). The x-axis is the intramolecular distance measured between the carboxylic group and the rhamnose group (which we refer to as the "headgroup conformation"). The distances are measured for all of the monomers present in the system along the trajectory consisting of 500 frames. Each count on the y-axis refers to the number of monomers in the corresponding headgroup conformation. It is seen from the plots that there are four major conformations (1, 2, 3, and 4) of Rha−C10-C10 molecules at the interface. The small peak at ∼11 Å is observed for both anionic and nonionic Rha−C10-C10. It is to be noted, that the position and size of the peaks are identical and correspond to a fully open conformation (2).
The major difference between the nonionic and anionic Rha−C10-C10 monolayers is evident from the peaks 1, 3, and 4. The headgroup conformations of anionic Rha−C10-C10 at the air−water interface predominantly peak near ∼6.0 Å. This peak corresponds to a partially open conformation (1) . On the other hand, nonionic Rha−C10-C10 at the air−water interface has two competing headgroup conformations, as seen from the peaks near ∼3.0 and ∼9.0 Å. The peak near ∼3.0 Å corresponds to a fully closed conformation (3), whereas the peak at ∼9.0 Å corresponds to a half open conformation (4). It is interesting to see that anionic Rha−C10-C10 at the interface has the least preference for a fully closed headgroup conformation. The cause for this could be the less desirable hydrophobic interactions of the alkyl chains and not an effective packing of the chains. It is also evident from the plots that the headgroup conformational preferences of nonionic and anionic Rha−C10-C10 at the air−water interface do not change with increasing concentration. It is very important to note, that the headgroup conformations at the complete surface coverage concentration and higher concentrations are similar. It is therefore clear from the above analysis that the headgroup conformations of nonionic and anionic Rha−C10-C10s are completely different at the air−water interface. This could be one of the driving forces for the differences observed in Figure  5 . The preferred headgroup conformation of anionic Rha−C10-C10 is just the right orientation for possible hydrogen bonding interactions between the monomers, as will be revealed in the h-bond analysis below.
H-Bonding Interaction in Monolayers. The significant difference between the headgroup conformations of anionic and nonionic Rha−C10-C10 at the air−water interface prompted us to analyze the hydrogen bonding interaction between the monomers. Hydrogen bonding interactions between the monomers at the interface were calculated at each frame along a 5 ns trajectory for both nonionic and anionic Rha−C10-C10 monolayers. Hydrogen bonds were identified using the cutoff conditions that H-bond distances between electronegative atoms are ≤3.0 Å, and H-bond O−O− H angles are ≤20°. The occupancy of a hydrogen bond is 100% if it exists in all of the frames along the trajectory. The calculated hydrogen bond occupancy is presented in Figure 8 for the anionic and nonionic Rha−C10-C10 monolayers at (a) complete surface coverage concentration and (b) at higher concentrations. It is clearly evident from the figure, that the occupancy of hydrogen bonding interaction in nonionic is less 
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Article than 50%, with most of them around 0% occupancy. Hydrogen bonds in the nonionic monolayer are forming and breaking constantly. The nonionic monolayer encounters a larger number of hydrogen bonds, but most of them are weak and less stable. On the other hand, the hydrogen bond occupancy of the anionic monolayer is higher compared to that of nonionic monolayer, many of them >50%. In a few cases, the occupancy is more than 100%, indicating that existence of multiple hydrogen bonds involving a single atom. A representative example provided in the figure shows that carboxylic oxygen forms a bifurcated hydrogen bonding with two of the hydroxyl groups of the rhamnose ring. This shows that the hydrogen bonding interactions in the anionic monolayer are stronger and more stable with some of them seen throughout the trajectory.
The differences observed between the anionic and nonionic monolayer based on the headgroup conformation and hydrogen bond occupancy helps explain the snapshots shown in Figure 5 . Strong and more stable hydrogen bonding interactions between the monomers in the anionic monolayer cause the segregation of small aggregates from the monolayer, The Journal of Physical Chemistry B Article which then forms micelles. Weak and less stable hydrogen bonding interactions between the monomers in the nonionic monolayer do not help the segregation of smaller aggregates from the monolayer. As a consequence, anionic Rha−C10-C10 form micelles with a lower concentration of surfactants compared to that of nonionic Rha−C10-C10 at the air−water interface. The critical micelle concentration is the concentration at which micelles appear in the solution. In the case of anionic Rha−C10-C10, the micelles are observed in bulk water faster than nonionic Rha−C10-C10. In other words, the concentration of anionic Rha−C10-C10 needed to form micelle in bulk water is less than the concentration of nonionic Rha−C10-C10 required. If the surface area and concentration of the surfactants at CMC are known, we could address this observation in terms of SAPM. The experiments have shown that SAPM at the CMC for anionic Rha−C10-C10 is ∼100 Å 2 , whereas for nonionic Rha−C10-C10, the SAPM is ∼25 Å 2 . Our simulation studies have shown that the conformations of anionic Rha−C10-C10 are completely different than those of nonionic Rha−C10-C10. This conformational difference enhances the hydrogen bonding interaction between the monomers in the anionic Rha−C10-C10 monolayer but does not support hydrogen bonds in the nonionic Rha−C10-C10 monolayer. The presence of persistent hydrogen bonds enables the formation of micelles in anionic compared to nonionic. Therefore, the structural properties of the molecular aggregation at the air−water interface discussed in the present investigation explain the differential aggregation properties of nonionic and anionic Rha−C10-C10 at the air−water interface.
Structural Properties of the Bilayers. It is well-known, that the lipid bilayers are the universal basis for cell membrane structure. These bilayer structures are attributable to the special properties of the amphiphilic molecules, which cause them to assemble spontaneously into bilayers in aqueous environment. In the present study, we analyze the bilayer structure of Rha− C10-C10 to complement the properties observed for monolayer aggregation at the air−water interface. We focus more on the headgroup conformation and hydrogen bond occupancy for the reason that these two properties are the basis for the difference in the aggregation phenomenon at the air− water interface. One cannot expect identical properties for the monolayer at the interface and bilayer in bulk water, but they should have similar properties because their aggregation is spontaneous. Figure 9 presents the representative snapshots of the bilayer structure of nonionic and anionic Rha−C10-C10 in bulk water. The XY dimensions of the simulation box is 100 Å 2 in both cases. The number of Rha−C10-C10 in each monolayer is 160, and that makes a total of 320 molecules in the bilayer. It is possible to note from the figure that the bilayers show undulations, and it could be due to the short alkyl chains and uneven distribution of the headgroups.
The headgroup conformations and hydrogen bond occupancy of the bilayers are calculated and presented in Figure 10 . As we can see from the figure, the structural properties of the monolayer at the air−water interface is very much similar to the bilayer structure in bulk water. Nonionic Rha−C10-C10 prefers two major headgroup conformations, while the anionic Rha− C10-C10 prefers a single conformation. The hydrogen bonding occupancy is less than 50% for nonionic Rha−C10-C10, and it is more than 50% and even higher than 100 in some cases. These observations complement the results obtained for the monolayer aggregation at the air−water interface.
Oil−Water Interface Properties. Rhamnolipids are an excellent candidate for the enhanced oil recovery process. In the present study, we try to understand the interfacial properties and monolayer stability of Rha−C10-C10 at the oil−water interface. It was shown in the previous section, that The Journal of Physical Chemistry B Article nonionic and anionic Rha−C10-C10 show differential structural properties, which in turn leads to a completely different SAPM at the CMC. The stability of the monolayers at the air− water interface is significantly governed by the headgroup conformation and hydrogen bonding interactions of the monomers, in addition to various other factors. Hydrophobic interactions arising from the alkyl chains of Rha−C10-C10 have little contribution to the aggregation properties. The situation is different when it comes to the oil−water interface. The alkyl chains are now in contact with the oil surface, and it should be interesting to see how it exploits the hydrophobic interaction for the aggregation behavior of nonionic and anionic Rha−C10-C10 at the oil−water interface.
In the present study, we have performed MD simulations of nonionic and anionic Rha−C10-C10 at an oil−water interface. Decane molecules were used as the representative oil molecules in the simulation. Table 3 presents the complete list of systems used for the oil−water interface simulations. The simulations were carried out for systems where the SAPM at the oil−water interface is ≤87 Å 2 . We characterized the interfacial structure by calculating the monolayer thickness, density profiles, headgroup conformations, and hydrogen bonding interactions.
Monolayer Thickness. To gain insights into the monolayer structures, we analyzed the density profiles of the surfactant monolayers over the last 10 ns of the simulations. Representative snapshots of the oil−water interface systems for three different surface concentrations are shown in Figure  11 . The interfacial thickness of a complex interface, such as the decane−water interface in the presence of surfactants, is not easily defined. We have used the procedure adopted in the literature to define the monolayer thickness. 29 The thickness is defined as the distance between the two positions where the densities of the decane and water phases are at 90% of their respective bulk densities. Figure 12 presents the measured interfacial thickness of the nonionic and anionic monolayer at the oil−water interface for various surface concentrations. The interfacial thickness value increases with increasing SAPM for both forms of Rha−C10-C10. This is because the presence of the hydrophobic decane phase makes the alkyl chains of Rha− C10-C10 more vertically oriented, thus increasing the interfacial thickness. We can see from the figure that the monolayer thickness is similar for nonionic and anionic Rha− C10-C10 near complete surface coverage concentrations, SAPM ∼ 80 Å 2 . But at higher surface concentrations, the anionic monolayer is about ∼10 Å thicker than that of the nonionic monolayer. This indicates that the diffusion of the anionic Rha−C10-C10 into the bulk phases is increased compared to those of the nonionic Rha−C10-C10. The hydrophobic interactions between the alkyl chains and decane phase have no significant effect on the aggregation of nonionic and anionic Rha−C10-C10 at the oil−water interface compared to that at the air−water interface. The representative snapshots shown in Figure 11 support the observation, and these figures are similar to the air−water interface figures.
Mass Density Profiles. To gain insights into the monolayer structures, we analyzed the density profiles of the surfactant monolayers over the last 10 ns of the simulations. The profiles of the monolayer corresponding to SAPM = 82 Å 2 is provided in Figure 13 . The figure shows that the densities of decane and water phases approach the bulk densities of decane and water, respectively. Therefore, the two resulting interfaces are independent of each other. The density profiles of nonionic and anionic monolayers look similar. The notable difference is the distribution of the rhamnose ring, which is much wider in the anionic monolayer. This could be due to the hydrophobic interactions between alkyl chains and decane molecules pulling the rhamnose ring in one direction, and the ionic interactions between the carboxylic group and sodium ions pulling the rhamnose ring in the opposite direction. This could probably be a consequence of the strong desire of the methyl group at the sixth position on the rhamnose ring to want to be near the decane molecules. It should be noted that rhamnose is one of the most hydrophobic sugars. These two interactions make the density profile of the rhamnose ring much wider compared to the nonionic monolayer. Density profiles of other components look similar to the air−water interface density profiles. The carboxylic headgroup of all of the Rha−C10-C10 are always found entirely within the water phase similar to the air−water profile.
Headgroup Conformation and Hydrogen Bond Occupancy. The headgroup conformations and hydrogen bond occupancy of the monolayers are presented in Figure 14 . As we can see from the figure, the structural properties of the monolayer at the oil−water interface are very much similar to the air−water interface and bilayer structure in bulk water. Nonionic Rha−C10-C10 prefers two major headgroup conformations, while the anionic Rha−C10-C10 prefers a single conformation. The hydrogen bonding occupancy is less than 50% for nonionic Rha−C10-C10, and it is more than 50% and even higher than 100% in some cases. These observations show that the structural properties of nonionic and anionic Rha−C10-C10 are not affected by the different interfaces or bulk water.
■ CONCLUSIONS
Understanding the effect of the surfactant structure on interfacial properties is of great scientific and industrial interest. Rhamnolipids are important biosurfactants on which extensive experimental research work has been carried out, and it is equally important that theoretical studies be carried out to complement the results and provide vital structural information. In this study, we have investigated the aggregation properties of anionic and nonionic Rha−C10-C10 at the air−water and oil− water interfaces. We have characterized the interfacial structures and their properties in details using MD simulations to elucidate the differential aggregation behavior observed in experiment. These calculations rationalize the drastically different experimental values for SAPM for nonionic and anionic rhamnolipids and suggest that simple, complete surface coverage calculations do not always yield all explanations of experimental results.
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